Abstract. FeTi intermetallic powders are very promising media for reversible hydrogen storage. However, difficult activation treatments including annealing at elevated temperatures in high pressure H 2 gas atmosphere are mandatory. In the present work nanostructured FeTi powders were produced and activated in situ at room temperature using mechanical alloying/milling (MA/MM) of pure metallic constituents, Fe and Ti, added with sodium borohydride. The resultant powders, FeTiH x , already H 2 pre-charged, absorbed a significant amount of H 2 but require optimization for reversible absorption/desorption. This system has one of the highest volumetric storage capacities and can be produced at low cost. Several parameters of the as-milled powders were controlled. The phase constitution of the reaction products was characterized by X-ray diffraction and scanning electron microscopy and the absorption isotherms of the activated powders were determined.
Introduction
Hydrogen is considered as one of the most promising fuels for the future transportation market, since it is highly energetic and its combustion products are non-toxic. There are however some inherent problems related to its handling and storage that makes its implementation difficult in the energy market [1, 2] . Some nanostructured intermetallic hydrides are included in the most exploited group of materials for reversible hydrogen absorption/desorption occurring at near ambient temperature [3, 4] . Among available intermetallics, FeTi is considered as a very promising hydrogen storage medium, due to its high volumetric storage capacity and low cost [5, 6] . However, FeTi alloys prepared through conventional metallurgical processes or mechanical alloying/milling normally require activation treatments in high pressure H 2 gas environment and at temperatures around 400ºC, and need catalysts to improve hydrogen dissociation and absorption [5] [6] [7] [8] [9] [10] .
During MA/MM, metal powders are constantly cold-welded and fractured creating new surfaces. New intermetallic compounds are formed through interdiffusion between constituents. MA introduces a lot of defects, such as dislocations, vacancies and grain boundaries into the materials, facilitating hydrogen diffusion and absorption. As grain size becomes smaller, the available surface per volume for hydrogen absorption becomes larger [3, 4, 11, 12] .
It was shown previously that nanostructured FeTi can be activated in situ at room temperature with MA/MM of pure metallic constituents, Fe and Ti, added with NaBH 4 , resulting in FeTiH x powders capable of immediate H 2 absorption [13] . Sodium borohydride, NaBH 4 , is a powerful reducing agent which stores a large theoretical H 2 content of 10.9 wt%, and that is being employed for catalytic hydrolysis production of H 2 . NaBH 4 is stable when compared with other chemical hydrides and easy to handle [14] . During milling NaBH 4 decomposes to yield H 2 that is eventually absorbed by FeTi. This might be a faster, cheaper, and safer way of pre-activating FeTi, bringing to it improved properties without sacrificing nanostructured nature of the reaction product.
In this work, nanostructured FeTi based powders were produced by MA/MM processing, and the effects of milling time, milling energy, handling conditions, elemental constituents ratios (Fe, Ti and NaBH 4 ) and other processing parameters on microstructure and H 2 absorption performance of the reaction products were studied. Hydrogen absorption isotherms determinations were measured to evaluate reversible H 2 absorption/desorption performance of the reaction products. The characterization included phase identification by X-ray diffraction (XRD), observation of powders particles by scanning electron microscopy (SEM) and chemical analysis with energy dispersive Xray analysis (EDX).
Experimental
Synthesis of FeTi by MA/MM was divided in two steps. In the first step Ti (150 mesh, spherical, 99.9% purity, Alfa Aesar) and TiH 2 (99%, Alfa Aesar) were milled together. TiH 2 was used as a process control agent (PCA) hindering titanium and intermetallic agglomeration, as observed in previous experiments. The amount of TiH 2 was fixed at 5 wt%. In the second step Fe (-325 mesh, 99%, Agros Organics) and NaBH 4 (98%, Alfa Aesar) were added. Chemical compositions in the starting materials were determined considering the Fe:Ti (elementary titanium) and H/M (hydrogen/metal) molar ratios. High H/M ratios result in excessively reactive powders, difficult to handle. Milling duration was 1 hour for the first step and 4 or 6 hours for all-components milling, at 400 rpm, with 10 minutes milling intervals and 5 minutes breaks (to prevent excessive heating). Milling was executed in a P100 Retsch planetary ball mill, in a 250 ml stainless steel vessel. The ball-to-powder weight ratio was 20:1, with stainless steel balls with 10 mm diameter. Powder charging was done in a glovebox in argon (T 1.4, T1.6 and T1.8) or nitrogen atmosphere. Powder batches produced are indicated in Table 1 .
Powders were characterized by XRD, using a Rigaku Geigerflex D/MAX III C diffratometer (Cu-Kα, 0.5º/min, step 0.01). Microstructure and chemical composition of ball milled powders before and after absorption/desorption were studied using a SEM/EDX Philips XL30 FEG fitted with an EDS EDAX Sapphire (SUTW) detector. Hydrogen absorption/desorption capacity was determined with pressure-concentration isotherms using an automated volumetric apparatus especially developed for this purpose. 
Results and discussion
After the first series of milling experiments, it became evident that powders had a strong tendency to weld together due to severe plastic deformation. Agglomeration depends essentially on H/M ratio, since the amount of loose powder increases with H/M higher values. Higher hydrogen contents lead to more brittle powders, avoiding cold-welding. However, increasing H/M also leads to very reactive powders and to increasing proportion of elemental Fe in the product due to preferential formation of Ti hydrides. Low Fe content also contributes to prevent agglomeration. Thus, Fe:Ti was increased to prevent agglomeration and at the same time to reduce the residual excess Fe verified in XRD results. This solution was effective, and finally loose fine powders in T2.4 were produced. The milling was then prolonged to 6 hours in order to obtain a more homogenized nanostructured mixture (sample T 2.6), but powders agglomerated once again. It was verified that handling powders in a glovebox with Ar or N 2 atmosphere or in atmospheric ambient condition significantly affects powders quality. It is thought that nitrogen and oxygen atoms act as superficial or interstitial impurity in Ti and in FeTi, and so as a PCA, contributing to the more brittle character of powders, and so to prevent agglomeration. XRD results showed no formation of nitrides in any case, so it was proved the benefit of using N 2 atmosphere without any drawback.
XRD results (Fig. 1) show that formation of FeTiH x phases is not completed in any case, and the presence of unreacted components is still very significant. Titanium shows a major tendency to bond with hydrogen forming several undesired TiH x phases, leading to metallic iron excess, which is the main component in final powders. Results demonstrate the advantage of using Ti excess, since iron peaks are less intense in samples where Fe:Ti ratio was fixed at 1:1.72 or 1:2. Titanium was detected in all powders except T2.4. In samples with higher H/M, boron peaks were observed. However NaBH 4 was never detected by XRD. In the region of the XRD spectrum where FeTiH x peaks are expected (2Ө=39-44º) a broad peak was seen indicating the presence of small crystallite size intermetallic hydrides. Higher NaBH 4 amounts lead to higher H/M ratios, which correspond to more loose and fine powders. However, this delays the intermetallic formation. Apparently, higher H/M ratios correspond to higher TiH x formation, and consequently to less Ti available to the formation of FeTi. 
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Smooth zones are observed in the interior of heterogeneous particles identified with EDS chemical analysis as pure titanium, but that can also be titanium hydride or a mixture of both. This is a major evidence of the delay of FeTi formation.
T2.6 sample seems to be closest to the complete intermetallic formation. Particles are more homogeneous and their phases are less differentiated than in other powders. A major difference between the several powders seems to be in particle size. Samples T2.4 and T2.6 present smaller, more homogeneous particles, but still with considerable extent of phase separation, and at the same time present very large particles resultant from aggregation, normally containing inside the smooth areas containing pure Ti. In one hand, higher NaBH 4 contents can act as particle growth inhibitors, and, on the other hand, longer milling times promote smaller particles with tendency for aggregation.
Titanium was identified as the main constituent, being in accordance with elements proportions in the majority of powders. Iron and traces of sodium and boron were also detected in the particles presenting a mixture of phases (brighter phase corresponding to higher Fe quantities, darker phase with Ti excess).
In PCT tests T1.72.6, T1.72N and T2.4 powders were subjected to hydrogen absorption/ desorption at room temperature to obtain characteristic pressure-composition isotherms (Fig. 3) . All powders absorbed H 2 in the early stages. After the absorption, powders desorbed only a small fraction of the consumed hydrogen in the first absorption, even at temperatures as high as 80 ºC.
In the second cycle powders did not absorb any H 2 , as if they were saturated. Intermetallic formation was not completely optimized, so it is believed that powders absorb H 2 initially, forming TiH x phases more stable than FeTiH x and that latter do not release H 2 in our test conditions. XRD results of powders after these tests are presented in Fig. 4 , and appeared to support these arguments. It is observed in T1.72.6 and T1.72N after the PCT test that peaks intensity of the titanium hydride and iron phases increased while that of the titanium phase decreases. Eventually, the unstable intermetallic might be separated in its elemental phases Fe and Ti. Thus, intermetallic hydride phases could be diminished due to phase dissociation. In contrast SEM observations of samples after H 2 absorption are very similar to those of powders absorption.
PCT test results are determinant for evaluating FeTiH x quality and they demonstrate that produced powders are not yet optimized for reversible H 2 absorption/desorption at room temperature. The quantity of H 2 absorbed is still below the highest values reported for this system. Anyway, it was possible to promote activation in situ during milling of powders, and milling time was substantially reduced in comparison with other published works [3, 4, [6] [7] [8] [9] [10] . Powders were ready for hydrogen absorption after only 5 hours of total milling, without using any catalyst. 
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Conclusions
Hydrogen storage is considered a technological barrier to the implementation of the hydrogen economy. Metallic hydrides provide higher storage density than gaseous or liquid hydrogen, additionally low operating pressures represent a safety advantage. The present approach is aimed at reducing the processing complexity and cost for the preparation of FeTi based storage materials. The effects of NaBH 4 addition to Fe and Ti ball milling were studied in this work. Powders activated and partially charged were produced without using high temperature and high pressure activation treatments, without using catalysts and with milling time substantially reduced. Hydrogen absorption isotherms were determined at room temperature, and it was possible to conclude that produced powders are not yet optimized for reversible H 2 absorption/desorption.
Additionally, it was concluded the advantage of using low H/M ratios, in order to promote the formation of FeTiH x powders with reduced reactivity and using excess titanium that results in powders with less unreacted iron. The effects of using NaBH 4 as PCA and of using controlled atmosphere during processing and handling of powders were also shown. Embrittlement of elementary powders can be attained when milling in nitrogen atmosphere, possibly due to some N atoms that are occupying superficial or interstitial lattice sites and so avoiding agglomeration. In conclusion, the use of excess titanium, addition of modest NaBH 4 percentages and controlled atmosphere seem to be the most determinant features for the production of powders that better fit our goals.
Ongoing research is focused on the synthesis mechanisms of nanostructured FeTi partially substituted with other transition elements.
